ABSTRACT: Simulations of the magnetic fields from the Super High Momentum Spectrometer in Hall C at Thomas Jefferson National Accelerator Facility show significant field leakage into the region of the primary beam line between the target and the beam dump. Without mitigation, these remnant fields will steer the unscattered beam enough to limit beam operations at small scattering angles. Presented here are magnetic field simulations of the spectrometer magnets and a solution using optimal placement of a minimal amount of shielding iron around the beam line.
Introduction
The Super High Momentum Spectrometer (SHMS) was designed for operations up to 11 GeV in Hall C at Thomas Jefferson National Accelerator Facility (JLab) [1] . In Hall C an electron beam is incident upon a fixed target and scattered particles are analyzed by two magnetic spectrometers. The remaining unscattered beam then travels past the spectrometer to a high power beam dump (51.8 m from the target) where it can be safely absorbed [2] . Recent simulations have shown that the magnetic field leakage from the SHMS magnets would steer the unscattered primary beam away from the center of the beam dump [3] . The acceptable region of the beam dump for high current operation is a relatively small area in the center of the larger water tank which comprises the beam dump. If unmitigated, SHMS operations would be restricted to low electron-beam currents for small spectrometer angles. Presented here are the first 3D magnetic field simulations of the four leading magnets of the SHMS with emphasis placed on the fields along the beam line and the position of the beam at the beam dump due to these fields. A passive solution using optimal placement of extra iron along the beam line is presented.
Geometry of the SHMS
The existing High Momentum Spectrometer (HMS) will be used jointly with the new SHMS. Both the HMS and the new SHMS are connected to a central pivot located underneath the target chamber (see Figure 1 ). Large wheels rolling on rails around the target allow these spectrometers to accommodate a wide range of scattering angles. The HMS has an angular range of 12.5 • to 90 • and the SHMS has a range of 5.5 • to 40 • . One of the primary differences between the HMS and the newly designed SHMS is a 3 • horizontal bending magnet (HB) placed between the target and the first quadrupole magnet. When positioned at the smallest scattering angle, the SHMS makes an angle of 8.5 • with respect to the beam line. The HB allows particles scattered at an angle of 5.5 • to be steered into the optics of the SHMS. Both spectrometers have focusing elements consisting of quadrupole triplets (Q1, Q2, Q3) [4] . Figure 2 shows the elements of the SHMS used in this analysis.
In order to simulate the magnetic fields from the SHMS, the yokes and coils of the magnets were modeled with the Opera-3D software [5] as shown in Figure 3 . Opera serves as the modeler and post processor for a suite of finite element simulation tools. TOSCA is the static electromagnetic field simulator used with Opera to find the magnetic fields in this study. The coordinate system of the simulation was chosen with the z-axis pointing downstream along the optics line of the SHMS (through the center of the quads) and the origin placed at the vertex of the 3 • bend in the HB (see the left diagram in Figure 4) .
The spectrometers can be set to accept either positive or negative particles by reversing the polarity of the magnets. TOSCA simulations of fields for positive and negative spectrometer settings result in equal and opposite magnetic fields along the beam line. To avoid complication only negative spectrometer settings are reported. Once the fields are found using TOSCA, to determine the beam displacement at the dump, a single electron trajectory was calculated using Opera's post-processor. Given the electron's initial position (the target), beam energy (11 GeV), and direction (along the beam line), Opera calculates the Lorentz force in 1 cm steps along the trajectory and returns the electron's position, velocity and time at every step. Using this information and the geometry from Figure 4 , the beam displacement at the beam dump can be estimated as follows.
In the simulation coordinate system the target and the center of the beam dump window are located in the (x, z) plane. With the center of the target fixed at (x = 9.21, z = −175.76) cm, the center of the beam dump window is found as a function of the scattering angle, θ ,
where D = 5180 cm is the distance from the target to the center of the beam dump window. Since the beam dump window is always perpendicular to the beam line, the angle of the window also changes with θ in this model. The diagram on the right side of Figure 4 shows the geometry used for this correction. The law of sines for the triangle in the diagram states
Then using the relations β = 90 − α and φ = 90 − (γ − α), the displacement r at the dump is
where D x and γ are determined from the spectrometer angle. By assuming that the magnetic fields at the beam dump window are negligible, it is possible to calculate A and α from the Opera trajectory file. Note that a negative displacement means beam right and positive is beam left.
For the maximum displacement (r max ) of a single electron at the beam dump window, allowances must be made for the growth in the size of the beam due to square rastering before the target and scattering at the beam diffuser and several vacuum windows. For safe operations of the beam dump, the radiation control group at Jefferson Lab suggests the beam size at the dump window should be set to a 4 × 4 cm 2 square around the center of the beam [6] . This limits |r max | to 2.25 cm so that the 4 × 4 cm 2 rastered beam profile fits within the 5.08 cm radius high current acceptance region of the beam dump window.
Results For SHMS As Designed
From the fields simulated by TOSCA, it was immediately evident that the only field component of interest was the vertical component along the beam line. Figure 5 shows the variation of the vertical component of the field along the beam line for several spectrometer angles at 11 GeV. For a spectrometer angle of 5.5 • at 11 GeV the magnetic field integral, B y dl, of the HB field leakage along the beam line (z = {−100, 100} cm) is responsible for 78% of the total field leakage. The displacement of the beam calculated from Eq.(2.1) for the angles and energies of interest are plotted in Figures 6 and 7 . With the as-designed SHMS, the primary beam has a displacement at the beam dump window of −18.2 cm when operated at 5.5 • and 11 GeV, and misses the window at all angles below 13 • . The displacement vs beam energy in Figure 7 has the central momentum of the spectrometer set to match the incident beam energy. The displacements were more than r max for all the energies studied, E = {2, 4, 6, 8, 10, 11} GeV. These displacements would inhibit beam operations in Hall C, therefore a solution needed to be found that would bring the displacements below |r max | = 2.25 cm for all angles and energies. 
Passive Solution
Redesigning of the SHMS magnets to overcome the beam steering issue is not practical due to schedule and cost constraints. At the beginning of this analysis the magnets were already being manufactured. The first beam in Hall C is scheduled for 2016.
Two possible solutions remain: (1) Use steering magnets, accompanied by beam position monitors (BPMs), to actively steer the beam back to the center of the beam dump window or (2) add extra iron to the existing magnet yokes and primary beam pipe to reduce the field leakage along the beam line as a passive solution.
Steering magnets and BPMs located downstream of the target would have to be radiation hardened and operate continuously making this the most expensive solution. A steering magnet could be placed before the target but this would affect the optics. Any active solution would have to be retuned with every change of scattering angle or energy. The passive solution has several advantages over steering magnets, most importantly it is intrinsically fail-safe. The fields in the beam pipe region will be attenuated regardless of spectrometer setting. However, extra material downstream of the target presents an activation hazard and steps must be taken to minimize activation. These steps include minimizing the amount of material and modeling the activation using GEANT4 [7] .
As a first step in simulating the fields for the passive solution, extra iron of various shapes and sizes were added to the HB yoke. The most advantageous was clearly an iron pipe around the beam pipe but such a large amount of material so close to the beam line was undesirable due to activation. The iron additions that were most successful are shown in Figure 8 and the corresponding reduction in field integrals are given in Table 1 . The field integrals are along the beam line from z = {−176, 900} with a 5.5 • scattering angle and the maximum central momentum setting of the spectrometer. The wedges are the most successful at attenuating the fields and are far enough away from the beam line to not become an activation problem. For comparison, the displacements of 30 different combinations of extra iron pieces and pipes are plotted versus their magnetic field integrals in Figure 9 . All these simulations are for a 5.5 • scattering angle, 11 GeV electron beam and maximum central momentum setting of the spectrom- Figure 8 . Extra iron pieces added to the HB yoke to reduce field leakage. The slabs and wedges are attached directly to the yoke. The 'C' cutout is permanently attached to the cryostat which houses the coils.
eter. The linear fit determines the maximum absolute value of the field integral that constrains the displacement at the the beam dump to r max = ±2.25 cm. Under these conditions, the absolute value of the field integral must be less than 19.25 kG · cm.
Unfortunately, all the extra iron pieces on the HB yoke are unable to constrain the absolute value of the field integral to below 19.25 kG·cm. To further reduce the field integral, an iron pipe around the beam line at the HB was then studied as the next step of the simulation.
Several thicknesses, lengths and positions of pipes were studied in Opera. It was found that when used in conjunction with the wedges on the HB, the thinnest pipe wall that provides effective shielding of the field was 0.476 cm (3/16"). Initially, short pipes around the HB were studied to balance the total field integral. Although the displacement for 5.5 • could be minimized to below r max , the behavior at larger angles and smaller energies was erratic mainly due to saturation effects and changing locations of field maximums at different angles. To make the pipe solution robust at all angles and energies, a 2 m long pipe at HB and a 1.5 m pipe at Q2 were designed (see Figure 10) . The HB pipe has an inner radius (IR) of 2.37 cm through the entire length. To minimize activation, the Q2 pipe is tapered from IR=5.53 cm on the upstream end to IR=7.46 cm on the downstream end.
The simulated magnetic field along the beam line with the iron wedges and pipes is shown in Figure 11 . These simulations are for a 5.5 • scattering angle and maximum central momentum setting of the spectrometer. The as-designed SHMS field is shown for comparison. The magnetic field integral along the beam line with the iron pipes and wedges is −6.8 kG·cm, meeting the criteria of an absolute value less than 19.25 kG·cm found above. The high attenuation of the entire HB external field makes this solution robust and fail-safe. If there is any problem with the magnets (power supply trip-off, quench, etc.), the primary beam will still have a displacement at the beam dump window which is less than r max . The beam displacements at the beam dump window from Beam displacement, r, from the center of the beam dump window vs spectrometer angle when using iron wedges and pipes. All displacements are taken with a beam energy of E = 11 GeV and the spectrometer central momentum set to the beam momentum. The dashed lines indicates the maximum allowed displacements, r max = ±2.25 cm. Everything outside these lines will miss the acceptable region of the beam dump window. Positive r values correspond to beam left displacements. This solution works at all angles studied.
Summary
The Opera models and TOSCA solutions presented here have shown themselves to be valuable for simulating the fields of the optics system in the SHMS.
The SHMS, as it is being built, has an operational minimum scattering angle of 13 • at 11 GeV due to field leakage from the first four magnets. This is 7.5 • more than the designed minimum
